A suitable method for calculating theoretical energetic performances of a composite propellant was investigated and successfully verified. This method is based on generally accepted hypotheses, consistent and simple calculation of the chemical equilibrium in a predominantly gaseous, multi-component reactive mixture, and on an appropriate numerical scheme involving the propellant formula and the assigned rocket motor operating conditions. A computer program, which permits the calculation of the equilibrium composition of the combustion products and the theoretical energetic performances of composite propellants has been developed. The results of the calculations have been compared with data obtained by the programs OPHELIE, MICROPEP, and the program SPP, as documented in the NASA-Lewis Code, which is presently a world-wide standard. All comparisons gave satisfactory agreement.
INTRODUCTION
Thermochemical analyses, i.e., theoretical energetic performances calculations, are needed to characterize the performances of a given propellant. Such analyses provide theoretical values of average molecular mass, combustion temperature, average heat capacity ratio of combustion products, and the characteristic velocity. These parameters are functions of the propellant composition and chamber pressure. A specific impulse can also be computed for a particular nozzle configuration.
These theoretical thermodynamic performances of a propellant are useful as a means for evaluating and comparing the performances of various rocket systems; they permit the prediction of the operational performance of any rocket unit, and the determination of several necessary design parameters, such as nozzle size and shape, for any given performance requirement.
The objective of the present investigation was to find a suitable method for the calculation of theoretical performances of a composite propellant by using generally accepted hypotheses, a consistent and simple method for calculating chemical equilibrium in a predominantly gaseous, multi-component reactive mixture, and an appropriate nu-merical scheme based on the propellant formula and the assigned rocket motor operating conditions. In addition, because of the still current and active interest in a specific program for the extensive calculations of the theoretical energetic performances of propellants, it was considered extremely desirable to write such a program for the case of conventional composite propellants. This program should be capable of obtaining equilibrium compositions for assigned thermodynamic states: the temperature and pressure, enthalpy and pressure, and entropy and pressure, and be capable to perform calculations of theoretical energetic performances of composite propellants, with high convergence rate.
DESCRIPTION OF THE MODEL
All theoretical analyses are only approximations of what really occurs in the combustion chamber and nozzle flow, and they all require some simplifying assumptions.
The calculation of various ideal performance parameters are based on the following assumptions: [1] [2] [3] [4] [5] [6] zero velocity in the combustion chamber, complete combustion, adiabatic combustion, isentropic expansion, homogeneous mixing, ideal gas law, one-dimensional form of the continuity, energy and momentum equations, and zero temperature and velocity lags between the condensed and gaseous species. For equilibrium performances, the composition is assumed to attain equilibrium values instantaneously during expansion. For frozen performances, the composition is assumed to remain fixed at the combustion composition during combustion.
Calculation of complex chemical equilibrium compositions
A typical composite rocket propellant contains C, H, N, O, Cl and Al as constitutive chemical elements. Hence, the combustion products consist of the given six elements or contain them in a bound form, and it is possible that there are more than 70 species in this reactive mixture. [1] [2] [3] [9] [10] [11] In general, gaseous atomic species, gaseous complex chemical species (some of them can simultaneously exist in the condensed phase), and condensed chemical species can coexist in the combustion products of composite propellants. In this paper the ionized species are not considered.
The developed method 7 for the calculation of chemical equilibrium in such predominantly gaseous, multi-component reactive mixture, involves the stated equilibrium reaction scheme, including, first, the formation fo the major chemical species, the concentrations of which prevail in the mixture, then the formation of gaseous atomic species by dissociation of previous ones, and, finally, the formation of complex chemical species from the atomic species. It is assumed that the combustion products consist of 47 components. 7 
Calculation of the equilibrium and frozen performances
Combustion chamber conditions. The combustion temperature and equilibrium composition are obtained for an assigned chamber pressure and composite propellant enthalpy. The energy balance requires that the total enthalpy of the mixture of combustion products must be equal to the enthalpy of the formation of a propellant. The Newton-Raphson method was used to solve for the correction of the initial estimate of the combustion temperature T c . The used correction variable is D T c , and the corresponding formula, which permits the calculation of this correction, is as follows:
where H c and C p are the total enthalpy and the heat capacity of the mixture of combustion products, and H f,P is the enthalpy of the formation of the composite propellant. The iteration procedure is repeated until the condition D T c < 0.001 is achieved.
Once the values of n j , T c and T c are known (p c is also known as the desired chamber pressure), it is posible to calculate:
-the number of moles n of gaseous products and the mollar mass M of the combustion gases,
where NG and n j are the number of gaseous species and the number of moles of the j th combustion product in a mass unit of the mixture of combustion product, -the heat capacity and the heat capacity ratio g ,
where c o p,j is the standard state molar heat capacity for species j, R is the gas constant and NP is the total number of chemical species in the combustion products, -the enthalpy of the mixture of combustion products
where h o T,j is the standard state total molar enthalpy for spcies j, 
where
where s o T,j is the standard state molar entropy for species j, -the density of the combustion gases r , using the equation of state for an ideal gas, -the isobaric coefficient of thermal expansion,
-the isothermal coefficient of compressibility,
The partial derivatives of n j and n with respect to temperature are needed to evaluate Eqs. (3), (4) and (9) . These may be obtained from differentiation of Eq. (2), mass balance equations, 7 and equilibrium constants equations, 7 which gives the following:
where K p is the equilibrium constant for the general reaction:
where a k and b l are the stoichiometric molar coefficients of the chemical molecules (or atoms) of the reactants A k , and the products B l , respectively, superscript (i) denotes the number of the chemical reaction, and NEL is the total number of chemical elements in the propellant.
The thermodynamic derivatives are obtained directly by solution of Eqs. (11) to (14). The partial derivatives on n j and n with respect to pressure are needed to evaluate Eqs. (4), (6), and (10). These derivatives can be obtained in a manner similar to that described for obtaining derivatives with respect to temperature:
The thermodynamic derivatives are obtained directly by solution of Eqs. (15) to (17).
The obtained values characterize the thermodynamic conditions in the combustion chamber.
Nozzle exit conditions. Exit conditions may be defined for assigned pressure rations, p c /p, or area ratios, A e /A t . Throat conditions, however, are always determined after the combustion conditions are completed and before any assigned pressure ratios or other assigned area ratios are considered. Isentropic expansion is assumed.
For an assigned pressure ratio, the equilibrium composition and exit temperature are determined for the pressure p corresponding to the assigned ratio and for the combustion entropy S c . For the throat and other assigned area ratios, an iteration procedure is used to determine the correct pressure ratios.
After the equilibrium composition and temperature are obtained for an assigned pressure ratio or area ratio, all thermodynamic functions and thermodynamic derivatives, which characterize the thermodynamic conditions in the considered nozzle section, are calculated by means of the corresponding equations, and all theoretical energetic performances of rocket propellants may be calculated by the following equations:
-Characteristic velocity, C* = p w where w is the gas flow velocity, A is the cross-section area, and subscripts t, e and a denote throat, exit and ambient conditions, respectively. Throat conditions. Determination of the throat conditions is specific because both the basic variables, pressure and temperature, are unknown. The throat condition may be determined by locating the pressure ratio for which the area ratio is a minimum or for which the velocity of flow is equal to the velocity of sound. The second procedure is used in this calculation. It follows:
As in the case of combustion chamber conditions, the Newton-Raphson method is used to solve for correction to the initial estimates of throat temperature T t and pressure p t . The correction variables used are D T t and D ln p t , and the corresponding formula, which permits the calculation of these corrections, is as follows: Since isentropic expansion is assumed, the second essential equation is as follows:
The temperature and pressure are determined by solving simultaneously the previous equations.
The initial estimates of the pressure and temperature at the throat are obtained from gas-dynamic relations using the value of g from the combustion chamber. The iteration procedure is repeated until the conditions D T c < 0.001 and D ln p c < 0.001 are achieved.
Nozzle exit conditions -Assigned pressure ratio. For an assigned pressure ratio, the equilibrium composition and the exit temperature are determined for the pressure p e corresponding to the assigned ratio and for the combustion entropy S c . The Newton-Raphson method is used to solve for the correction to the initial estimate of the exit temperature T e . The correction variable used is D T e , and the corresponding formula, which permits the calculation of this correction, is as follows:
The initial estimate of the exit temperature is obtained from the gas-dynamic relation using the value of g from the combustion chamber. The iteration procedure is repeated until the condition D T e < 0.001 is achieved.
Nozzle exit conditions -Assigned area ratio. For the assigned area ratios, an iteration procedure is used to determine the correct pressure ratios. For supersonic area ratios, an empirical formula, which we obtained from fitting data to give estimates for the pressure ratios, is used: The initial estimate of the exit temperature is obtained from gas-dynamic relation using the value of g from the combustion chamber.
As in the case of the throat conditions, both basic variables, pressure and temperature, are unknown. The nozzle exit-assigned area ratio conditions are determined by locating the area ratio, which is equal to the assigned area ratio. This means: As in the case of throat conditions, the Newton-Raphson method was used to solve for the correction to the inital estimates of temperature T e and pressure p e . the correction variables used are D T e and D ln p e , and the corresponding formula, which permits the calculation of these corrections, is as follows: 
Calculation of frozen performances
The procedure for obtaining rocket propellants performances assuming that the composition is frozen (infinitely slow reaction rates) during expansion is simpler than for that assuming equilibrium composition. This is due to the fact that the equilibrium composition needs to be determined only for combustion conditions. After obtaining the combustion compositions in an identical way as desribed for equilibrium performances, the remainder of the procedure is also analogue to the equilibrium performances. However, the thermodynamic derivatives discussed in previous sections were based on the assumption that, in any thermodynamic process going from one condition to another, the equilibrium values composition is attained instantaneously. If, on the other hand, the reaction rates are assumed to be infinitely slow, the composition remains fixed (frozen), and the expressions for the derivatives become simpler.
RESULTS AND DISCUSSION
A computer program, named ProPEL (Propellant Properties Evaluation), has been developed on the basis of the above-mentioned algorithm. ProPEL is a PC-based computer code and is assigned for a 32-bit Windows environment. It is written in Visual Basic as the programming language. Numerous results of these calculations were obtained for different composite propellant formulations and rocket motor conditions. Only one example is indicated here to illustrate typical values of the thermodynamic functions and derivatives, which characterize different locations in a rocket motor, and all energetic performances, for an aluminized composite propellant and to compare the calculated values with the corresponding available values obtained using the SPP programs 9 currently in use. Namely, the successful verification of the presented method and the ProPEL program has been conceived to give affirmative answer with respect to the results of this computer code and some others programs, which are presently world-wide standards.
The results of these calculations and the corresponding comparative analysis are presented in Table I .
As can be seen from Table I , there is good agreement between the corresponding thermodynamic functions and derivatives, which characterize different locations in a rocket motor, and between all the energetic performances, obtained using the various computer codes.
Other comparisons with respect to the MICROPEP 10 and OPHELIE 11 programs gave satisfactory agreement, as well.
These results were expected, bearing in mind the good agreement between the corresponding combustion products equilibrium compositions. 7 Although in the analysis of the chemical composition of these solid propellants approximately 70 additional reaction products were considered in addition to the major product species in the French program, named OPHELIE, and the American one, named SPP, their calclulated mole fractions were very small and, therefore, they did not significantly influence the theoretical performances. This means that our computer code ProPEL, which analyzes 47 combustion products, is very suitable for this type of propellant. Contrary to the other considered programs, the ProPEL computer code is assigned to extensive calculations on particular chemical systemt-typical composite propellants, with a high convergence rate. Istra`ivan je i uspe{no verifikovan metod prora~una teorijskih energetskih performansi kompozitnih raketnih goriva. Ovaj metod se zasniva na op{te prihva-}enim hipotezama, konzistentnom i jednostavnom prora~unu hemijske ravnote`e u prete`no gasovitoj, vi{ekomponentnoj reaktivnoj sme{i i odgovaraju}oj numeri~koj shemi koja obuhvata formulu raketnog goriva i zadate uslove rada raketnog motora. Razvijen je ra~unski program koji omogu}ava prora~un ravnote`nih sastava produkata sagorevawa i teorijskih energetskih performansi kompozitnih raketnih goriva. Rezultati prora~una komparirani su sa podacima dobijenim kori{}ewem programa OPHELIE, MICROPEP i programa SPP, dokumentovanog u NASA-Lewis Code-u, koji predstavqa svetski standard. Sva pore|ewa dala su zadovoqavaju}e slagawe rezultata.
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